Abstract: Titanium(II) complexes of composition TiCl 2 (L) 2 [where L = 2,2'-bipyridine (bipy), 4,4'-dimethyl-2,2'-bipyridine (bpMe), 4,4'-dimethoxy-2,2'-bipyridine (bpoMe), 6,6'-dimethyl-2,2'-bipyridine (dpMe), adamantylamine (ada)]
Introduction
The role of transition metal complexes in medicinal chemistry has been known since the serendipitous discovery of platinum-based cisplatin by Rosenberg in 1969.
1,2 Transition metal complexes have been widely studied as antibacterial 3, 4 and anticancer agents 5, 6 for many years. Due to different oxidation states, coordination sphere, and redox potential, coordination complexes show kinetic and thermodynamic properties towards biological receptors. The nonplatinum drugs after cisplatin were budotitane and titanocene dichloride, which are titaniumbased anticancer drugs. 7, 8 In addition to anticancer properties, titanocene dichloride also exhibits antiviral, antiarithmetic, and anti-inflammatory activities. 9 Since titanium is present in many biomaterials such as food in the form of whitening pigment, it may be incorporated into living systems. 10 The complexes of 2,2'-bipyridine and substituted bipyridine with cobalt, copper, zinc, 11 and gold 12 have been found to show antibacterial and anticancer activity, respectively. Due to bacterial resistance to the currently available antibiotics, there has been growing interest in developing new drugs with better activity. Since metal and ligand interact with various steps of the pathogen life cycle, 13 they can be used to synthesize new drugs. Moreover, it is known that ligands having N, O, and S atoms show pronounced biological activity due to enhancement in coordination behaviour.
14,15
After chelation, metal complexes are assumed to act as antimicrobial agents due to inhibition of enzymes, interaction with intracellular biomolecules, and enhanced lipophilicity. 16 In the present paper, synthesis of titanium(II) complexes with nitrogen-containing ligands is reported. The structure of the synthesized complexes was confirmed by UV-visible, FTIR, 1 H NMR, mass spectrometry, and powder XRD techniques. The average crystallite size of the complexes, calculated by using Scherrer's formula, confirms the nano dimension of the complexes. The antibacterial screening of complexes was performed against different bacterial strains and compared with standard antibiotic ampicillin.
Materials and methods
Ligands (2,2'-bipyridine, 4,4'-dimethyl-2,2'-bipyridine, 4,4'-dimethoxy-2,2'-bipyridine, 6,6'-dimethyl-2,2'-bipyridine, and adamantylamine) from Sigma Aldrich were used as such after checking their melting points. Titanium tetrachloride and solvents were obtained from E. Merck. Solvents were purified by the standard procedure. UV-visible spectra of the complexes were recorded on a PerkinElmer Lambda 750 and FTIR spectra were recorded on a
PerkinElmer 1600 spectrophotometer by making KBr pellets. 1 H NMR spectra were recorded on a Bruker
Avance 400 MHz spectrometer. Electrospray mass spectrum (ESIMS) was obtained by using electron spray ionization on a Waters Micromass Q-Tof Micro. Powder XRD was recorded on Philips 1710 X-ray diffractometer and molecular weight was determined by Rast's method.
Experimental

Synthesis of bis(2,2'-bipyridyl) dichloro titanium(II), TiCl 2 (bipy) 2, (A1)
To a white solution of titanium tetrachloride (1 g, 5.27 mmol) in dichloromethane (15 mL), a colorless solution of 2,2'-bipyridine (1.64 g, 10.54 mmol) in dichloromethane (30 mL) was added dropwise in ice cold conditions with continuous stirring and the color of the solution changed to dark yellow during addition. The reaction mixture was stirred for 20 h and resulted in a light yellow solution. The reaction mixture was refluxed for 5 h to ensure the completion of the reaction until the cessation of evolution of chlorine gas. To a white solution of titanium tetrachloride (0.125 g, 0.659 mmol) in dichloromethane (10 mL), a colorless solution of 4,4'-dimethyl-2,2'-bipyridine (0.24 g, 1.31 mmol) in dichloromethane (10 mL) was added dropwise with continuous stirring in ice cold conditions. The color of solution changed to light yellow for a few minutes and then turned colorless. The reaction mixture was stirred for 45 h to ensure the completion of the reaction until the evolution of chlorine gas ceased. The solvent was removed from the reaction mixture by vacuum filtration and complex was dried under vacuum. A white complex was obtained, which was recrystallized from methanol. 
Synthesis of bis(6,6'-dimethyl-2,2'-bipyridyl) dichloro titanium(II) TiCl 2 (dpMe) 2 , (D1)
To a colorless solution of titanium tetrachloride (0.2 g, 1.05 mmol) in benzene (15 mL 
Synthesis of bis(adamantylamine) dichloro titanium(IV), TiCl 2 (ada) 2 , (E1)
To a white solution of titanium tetrachloride (0.08 g, 0.439 mmol) in dichloromethane (10 mL), a solution of adamantylamine (0.132 g, 0.878 mmol) in dichloromethane (15 mL) was added dropwise with continuous stirring in ice cold conditions. The color of the solution changed to yellow for a moment and then to orange immediately. The reaction mixture was stirred for 12 h and color changed to light yellow. Completion of the reaction was indicated by cessation of the evolution of HCl gas. The solvent was decanted out and the complex was dried under vacuum. A light yellow complex was obtained and recrystallized in methanol. Yield = 83.3%, 
Results and discussion
Complexes of composition TiCl 2 (L) 2 were prepared by reacting titanium tetrachloride and nitrogen containing ligands in 1:2 molar ratio, which can be rationalized in terms of the following chemical equations:
Elemental analyses, i.e. chlorine and titanium estimations, were performed to check the composition of the complexes (Table 1 ) by using Volhard's method and through gravimetrical measurements.
Electronic spectra
The electronic spectrum was recorded in 10 however, the color of complexes may be due to charge transfer transitions from the ligand to metal. stretching shows increased conjugation due to complexation with metal. This shift may be due to a reduction in electron density after complexation with metal, and spatial effects (field effect, steric effect, and ring strain) may also be responsible for the frequency change in the vibrational spectrum. Bands around 3000-2900 cm −1 were due toν C−H stretching of the ring, which remained unaltered even after the formation of the complex. 
FTIR study
1 H NMR spectra
1 H NMR spectra of the complexes were recorded in DMSO-d 6 solution using TMS as internal standard and the data are given in Table 2 . There is a considerable downfield shift in 2,2'-bipyridine and substituted bipyridine protons on complexation in complexes A1, B1, C1, and D1. The downfield shift in delta values of protons indicates the coordination of ligand to metal. These shifts may be assigned to the deshielding of protons due to transfer of electron density from aromatic protons to the metal atom (N→M). Similar observations have been reported for gold(III) complexes with modified bipyridine and bipyridyl amine ligands. 12 The appearance of signals in the upfield region (2.12-1.62 ppm) in the spectra of complex E1 confirms the presence of adamantylamine protons. Integration of signals also supports the formation of complexes. 
Electrospray mass spectral data of titanium complexes
The formation of complexes was further established by recording the mass spectrum of each of the complexes. The mass spectrum of TiCl 2 (bipy) 2 showed a base peak due to the C also shows peaks at m/z = 202 and 239 due to TiC 10 H 6 N 2 and TiClC 10 H 6 N 2 fragments. The mass spectrum of complex TiCl 2 (dpMe) 2 shows a base peak at m/z = 185 due to 6,6'-dimethyl-2,2'-bipyridine ligand with 100% intensity. A detailed description of the results of mass spectrometry of all complexes is given in Table 3 . Complex TiCl 2 (ada) 2 shows a base peak due to fragment ion TiCl 2 C 12 H 17 N 2 at m/z = 306. The presence of different fragment peaks in these complexes may be considered to support their stoichiometric formulation. 
Powder XRD study
The XRD study was done on a Philips 1710 X-ray diffractometer with CuKα radiation (λ = 1.5405Å).
Scherrer's equation D = ( λ× 0.9)/(β× Cosθ), 20 [where D is the crystallite size of (h k l) plane, β is full width half maximum (FWHM) in radians, and λ is the wavelength of incident radiation] was used to calculate the crystallite size (d XRD ) of complexes. The calculated crystallite size was found to be 77.5, 71.2, 4.6, 3.9, and 206 nm for complexes A1, B1, C1, D1, and E1 respectively, which confirm their nanocrystalline nature. The unit cell parameters were calculated with the help of powder X software 21 and are summarized in Table 4 . Figure 2 shows that peaks for complexes TiCl 2 (bpoMe) 2 and TiCl 2 (dpMe) 2 become broader as the grain size decreases. On the basis of XRD and other spectroscopic techniques, an octahedral geometry may be proposed for A1, B1, C1, and D1 complexes and a tetrahedral geometry for E1 complex.
22 Table 4 . XRD data of complexes. The diameter of zone of inhibition produced by complexes was measured in millimeters and compared with the standard antibiotic ampicillin (250 µ g/mL). From the results, it was established that in synthesized complexes the TiCl 2 (bpMe) 2 complex was more potent than the standard antibiotic ampicillin (Table   5 ). It is also evident that TiCl 2 (bpMe) 2 complex possesses more activity against all the bacterial strains than other complexes. The complex TiCl 2 (bpMe) 2 appears to be more effective than 4,4'-dimethyl-2,2'-bipyridine ligand, but complexes TiCl 2 (dpMe) 2 and TiCl 2 (ada) 2 show antibacterial activity similar to their respective ligands. It was observed that the position of substituent (electron releasing/withdrawing group) on the bipyridine ring plays a significant role in biological efficacy. The synthesized complexes showed different activity towards various pathogenic strains, which may be attributed to their unique biocidal mechanism, hydrophilicity, and inability to penetrate inside the cell membrane. It is well established that beside chelation other factors such as lability of ligand, nature of metal ion, nature of ligand, coordination sites, geometry of the complex, concentration, conductivity, dipole moment, and cell permeability (influenced by the presence of metal ion) may be responsible for increased activity. 24, 25 From our studies we find that position of substituent, aromaticity, lipophilicity, and lability of ligand are important factors in determining the antibacterial activity of a complex. 
Empirical formula
MIC measurements
MIC is the lowest concentration of an antimicrobial agent that will inhibit the visible growth of a microorganism after 24 h incubation at 37 sonnei and A. hydrophila, showing that these bacteria were most sensitive to the complexes. The MICs of all complexes against each bacterial strain are given in Table 6 . The lowest MICs were observed for the complex TiCl 2 (bpMe) 2 against most of the bacterial strains, which indicates the high effectiveness of this complex.
We have described the synthesis of titanium complexes with bipyridine, substituted bipyridine, and adamantylamine ligands. The synthesized complexes were characterized by using FTIR, UV-visible, 1 H NMR, and mass spectrometry techniques. The downfield shift in protons and formation ofν T i−N bond in the far IR region (400-450 cm −1 ) confirms the formation of complexes. Scherrer's equation was used to calculate the crystallite size (d XRD ) of complexes, and the calculations showed that the complexes were nanocrystalline.
The study of antibacterial screening showed variation in activity across different complexes, and TiCl 2 (bpMe) 2 complex was found to be the most potent complex.
